The discrepancy between published sequences of the 5' non-coding regions ofRNA of a Scottish (S) and that of Dutch (D), Australian and Canadian isolates of potato leafroll virus (PLRV) was investigated. Reverse transcription followed by amplification by polymerase chain reaction showed that RNA from three distinct Scottish isolates of PLRV contained molecules with 5' ends like that of the original Scottish isolate. However, determination of the 5'-terminal sequences of RNA in two of these preparations showed that most RNA molecules had 5' termini like those of the Dutch and other non-Scottish sequences. Northern blot analysis confirmed that only a small fraction of PLRV RNA contained sequences homologous to the 5'-terminal 119 nucleotides of the PLRV-S sequence. Most PLRV-S RNA molecules therefore have termini like that reported for PLRV-D. The 5'-terminal 119 nucleotides of the minor species of PLRV-S RNA were very similar (109/119 nucleotides were identical) in sequence to an exon of tobacco chloroplast DNA open reading frame 196. The results therefore suggest that recombination has occurred between virus RNA and host RNA.
Recently, nucleotide sequences have been published for isolates of potato leaf roll virus (PLRV; luteovirus group) from Scotland (Mayo et al., 1989) , The Netherlands (van der Wilk et al., 1989) , Canada and Australia (Keese et al., 1990) . The sequences differ little from each other; in pairwise combinations the differences are between 2% and 7~o (Keese et al., 1990) . The exception to this generality is in the 5'-terminal sequences. The sequence described by Mayo et al. (1989) for the Scottish isolate (PLRV-S) contains a 5' non-coding region of 174 nucleotides whereas those of the other isolates (van der Wilk et al., 1989; Keese et al., 1990) are 69 or 70 nucleotides long. Moreover the 5'-terminal 14 or 15 nucleotides of the Dutch (PLRV-D), or Canadian and Australian isolates respectively, are not present in the PLRV-S RNA terminus but are replaced by an unrelated sequence of 119 nucleotides (Keese et al., 1990 ) (see Fig.  3a, b) . For the remainder of the paper, the 5' 119 nucleotides of the PLRV-S sequence are termed the S sequence, the 5' 14 nucleotides of the PLRV-D sequence are termed the D sequence and the remaining 3' sequence common to both isolates is termed the C sequence.
We have investigated the discrepancy between the S and D sequences with the RNA preparation fromPLRY strain I used by Mayo et al. (1989) in the original cloning, with RNA from other preparations of strain 1, and also with RNA from strains 11 (Tamada & Harrison, 1984) and V (Massalski & Harrison, 1987) . RNA was extracted from virus particles purified as described by Mayo et al. (1989) . The presence of the S sequence was detected by reverse transcription and DNA amplification using the polymerase chain reaction. RNA samples of 1 lag were suspended in 50 mM-KC1, 10 mM-Tris-HC1 pH 8.4, 1-5 mM-MgCI2, 20 lag/ml gelatin, and were annealed with 1 lag primer B (5' TACTTCTTTCACGGAGTT 3'; complementary to nucleotides 641 to 658 of PLRV-S RNA) in 10 lal at 65 °C for 2 min and cooled to about 25 °C during 60 min. After the addition ofdATP, dCTP, dGTP and TTP to 40 taM, 28 units (U) of RNase inhibitor (Boehringer Mannheim) and 15 U of Moloney routine leukaemia virus reverse transcriptase (Pharmacia), and incubation at 42 °C for 2 h, the sample was mixed with l0 lal of buffer (100 mM-Tris-HC1 pH 8.3, 50 mM-KC1, 15 mM-MgCl2, 0.1% gelatin, 0.1% Tween 20, 0.1% NP40), 10 g| of 0-4 mM-dATP, -dCTP, -dGTP and -TTP, 1 l.tg primer B, 1 lag primer C (5' CTTTATGATACTATG-CAAATT 3'; equivalent to nucleotides 1 to 21 of PLRV-S and absent from the sequences of the other isolates), 2 U Taq polymerase (IBI) and water to 100 lal. The sample was overlaid with paraffin and heated in programmed heating blocks (Techne; Genesys) for 30 cycles of 96 °C for 1.5 min, 55 °C for 1.5 min and 72 °C for 2.5 min.
Amplified DNA was analysed by electrophoresis in 1% agarose or 5% polyaerylamide in 100 mM-Tris, 100 raM-borate, 2 mM-EDTA pH 8-3, and staining with ethidium bromide. Similar results were obtained with the RNA preparation used by Mayo et al. (1989) , or RNA 0001-0244 © 1991 SGM Amplified D N A was electroeluted from 5 ~ polyacrylamide gels and a sample equivalent to 5 ~ of the product from a 100 ~tl amplification reaction was sequenced as described by Bachman et al. (1990) with 2-5 ng primer B, using Sequenase and deaza GTP instead of dGTP according to the manufacturer's instructions (U.S. Biochemicals). A partial sequence of 120 nucleotides was obtained for the 700 nucleotide DNA fragment which included the region (Fig. 2, arrowed line in Fig. 3 ) at which the S and D sequences end and the C sequence starts. Therefore, as in the original cloning experiment in which three of 20 cDNA clones obtained by priming with primer B were found to be 5' coterminal (Mayo et al., 1989) , reverse transcriptase had copied an RNA molecule comprising the C sequence fused to the S sequence.
The Y-terminal sequence was also determined by primer extension using the RNA preparation used in the original cloning or RNA from particles of PLRV-11. A mixture of RNA (3 ktg) and I ~tg primer A (5' A T C T T T G G T C A A A A A G C A 3', which is complementary to the sequence between nucleotides 203 and 220 of PLRV-S RNA) in 7.5 ~1 I00 mM-Tris-HCl pH 8.3, 20 mM-MgC12, 80 mM-KC1 was heated at 95 °C and slowly cooled during 30 min to 40 °C. The annealed sample was mixed with 1 ~tl 100 mM-DTT, 1-5 ktl [ct-32p]dATP (800 Ci/mmol) and 2.4 U avian myeloblastosis virus reverse transcriptase (Anglian Biotechnology). Samples of 2 ~tl were mixed with deoxynucleotide/dideoxynucleotide mixtures, incubated, chased and stopped as described by Zimmern & Kaesberg (1978) . With both RNA preparations, bands were obtained which indicated a strong stop-signal 126 nucleotides from the primer and the sequence deduced for the most 5' 15 nucleotides matched that of the D sequence; no extension products were detected beyond the strong stop signal. Therefore, most RNA molecules in these RNA preparations had 5'-terminal sequences identical to that of PLRV-D.
As a further test, Northern blots were made following electrophoresis of denatured RNA in formaldehydecontaining gels as described by Maniatis et al. (1982) . The probes, which were of similar specific radioactivities, were cDNA corresponding to RNA sequences between nucleotides 1 and 113 (specific to the PLRV-S sequence) or between nucleotides 3469 and 3710 (hybridizing with the C sequence). Probes were labelled as described by Feinberg & Vogelstein (1983) and blots were washed with 0.1~ SDS in 75 mM-NaC1, 7"5 mMsodium citrate at 65 °C. The S sequence-specific probe reacted with RNA from purified virus particles, but much more weakly than the C sequence-specific probe (Fig. 4) . A similar weak reaction was detected in blots of RNA extracted from virus particles treated with DNase prior to phenol extraction. In some blots no reaction could be detected with the S-specific probe. Blots of RNA from PLRV-infected tissue also showed some weak reaction with this probe but because RNA from healthy tissue behaved similarly, this reaction was probably non-specific. The results show that some PLRV R N A molecules contained the S sequence, that these were similar in length to genome RNA and that the reaction was not associated with DNA copurifying and co-electrophoresing with virus RNA. Also, there was no evidence to suggest that molecules with the S sequence were less efficiently encapsidated than molecules with the D sequence. We conclude that the sequence previously reported for RNA from a Scottish isolate (Mayo et al., 1989 ) is that of a rare component in the PLRV RNA, but one which is present in R N A from three different Scottish isolates. It seems likely that the more abundant species is the infective RNA, but tests of this and the biological significance of the rarer species must await the synthesis of infectious RNA transcripts of full-length cDNA copies of each type of molecule.
Evidence as to the origin of the S sequence in some PLRV RNA molecules comes from comparisons with sequences in databases. The S sequence contains a small open reading frame (ORF) between nucleotides 13 and 141 which encodes a protein with an Mr of 5000 (5K). Comparison of the amino acid sequence of this 5K polypeptide with those in the EMBL database by using FASTA (Lipman & Pearson, 1985) resulted in a surprising match. There was a 21/24 identical match with part of the putative polypeptide product of a tobacco chloroplast DNA gene. Comparison of the S sequence with that of the chloroplast DNA encoding the matching protein showed a corresponding similarity. Identity scores were 109/119 nucleotides to part of ORF 196 of tobacco chloroplast DNA (Shinozaki et al., 1986) , 90/119 nucleotides to part of ORF 203 of Marchantia polymorpha chloroplast DNA (Kohchi et al., 1988) and 86/119 nucleotides to part of ORF 216 of rice chloroplast DNA (Hiratsuki et al., 1989) . Fig. 3 shows the alignment of the two PLRV sequences and the tobacco chloroplast DNA ORF 196 sequence near the 3' end of the match. The point at which the S and D sequences converge is that at which the correspondence between the chloroplast DNA sequence and the S sequence ends. ORF 196 of tobacco chloroplast DNA and ORF 203 of M. polymorpha chloroplast DNA each contain an intron, and the intron-exon border in M. polymorpha chloroplast DNA (Kohchi et al., 1988) is seven nucleotides downstream of the junction between the S and C sequences in PLRV RNA.
This sequence match strongly suggests that the RNA molecule containing the S and C sequences arose by recombination between virus RNA and host plant mRNA, and is the first evidence of such a process. We think that the molecule is not an artefact, caused for example by recombination during DNA amplification (e.g. Shuldiner et al., 1989; Meyerhans et al., 1990) , because Northern blots of denatured RNA showed that S sequences and C sequences comigrated. Also, although the sequence CAAAGAAUAC at the 5' end of PLRV RNA can potentially base pair with the chloroplast mRNA sequence GUUU(A)UUU(U)UG 19 nucleotides upstream of the position at which chloroplast sequences are joined to PLRV sequences, such pairing is unlikely to be stable in the melting and annealing conditions used prior to primer extension with reverse transcriptase.
The junction between the S and C sequences is only seven nucleotides from an exon-intron boundary in chloroplast DNA from tobacco and M. polymorpha. It may be that the recombinant molecules arose by a modification of the splicing reactions involved in the maturation of the chloroplast gene mRNA. The sequence GAGAAAUU is present in the S sequence 28 nucleotides upstream of the junction and also in the C sequence immediately downstream of the junction (boxed in Fig. 3 ). This repeat may be involved in the mechanism of recombination or splicing.
To form the recombinant molecule, PLRV RNA must either be cleaved or a negative strand be partially transcribed. Finding this type of molecule raises the possibility that RNA is spliced during PLRV multiplication and that occasional trans-splicing can occur. Whatever mechanism is responsible for the formation of the recombinant RNA molecules, their existence strongly implies that PLRV RNA is present within chloroplasts at some stage of its multiplication, thus enabling recombination to occur. No previous evidence has been presented for such a location; indeed it is rare for virus particles to be found in chloroplasts (Schoelz & Zaitlin, 1989) . Modification of part of the chloroplast mRNA by splicing it to virus RNA may also be one way in which PLRV induces symptoms, although relatively few recombinant RNA molecules appear to be formed and thus the modification may be a rare event.
Another possible significance of the sequence apparently acquired by PLRV from the chloroplast gene is that it encodes a 5K polypeptide. If the 5K product is functional during multiplication then these PLRV RNA molecules represent an early stage in a process by which host genes could be captured by viruses.
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